Ribonucleotide reductase (RNR) catalyzes the rate limiting step in the de novo synthesis of deoxyribonucleotides by directly reducing ribonucleotides to the corresponding deoxyribonucleotides. To keep balanced pools of deoxyribonucleotides, all nonviral RNRs studied so far are allosterically regulated. Most eukaryotes contain a class I RNR, which is a heterodimer of two nonidentical subunits called proteins R1 and R2. We have isolated cDNAs encoding the R1 and R2 proteins from Trypanosoma brucei. The amino acid sequence identities with the mouse R1 and R2 subunits are 58% and 63%, respectively. Recombinant active trypanosome R1 and R2 proteins were expressed in Escherichia coli and purified. The R2 protein contains an iron-tyrosyl free radical center verified by EPR spectroscopy and iron analyses. Measurement of cytidine 5-diphosphate reduction by the trypanosome RNR in the presence of various allosteric effectors showed that the activity is highest with dTTP, dGTP, or dATP and considerably lower with ATP. The effect of dGTP is either activating (alone) or inhibitory (in the presence of ATP). Filter binding studies indicated that there are two classes of allosteric effector binding sites that bind ATP or dATP (low-affinity dATP site) and ATP, dATP, dGTP, or dTTP (high-affinity dATP site), respectively. Therefore, the structural organization of the allosteric sites is very similar to the mammalian RNRs, whereas the allosteric regulation of cytidine 5-diphosphate reduction is unique. Hopefully, this difference can be used to target the trypanosome RNR for therapeutic purposes.
Sleeping sickness is a major health problem in a predominant part of sub-Saharan Africa. The disease, caused by a unicellular eukaryote called Trypanosoma brucei (1) , is usually fatal if left untreated, and Ϸ25,000 new cases are diagnosed each year. However, since only a small fraction of the population in high risk areas is under surveillance, the World Health Organization has estimated the real figure to be Ϸ300,000. ‡ The current chemotherapy of sleeping sickness suffers from various limitations. Many of the compounds used are highly toxic and there is also a widespread drug resistance among the trypanosomes (2, 3) .
Ribonucleotide reductase (RNR) catalyzes the reduction of ribonucleotides to deoxyribonucleotides. There are three different classes of RNRs (4) . The substrate, which is a nucleoside diphosphate for the class I enzymes, is reduced through a radical mechanism. Class I RNR is a heterodimeric enzyme of ␣ 2 ␤ 2 type. The large R1 subunit binds substrates and allosteric effectors, while the small R2 subunit contains a tyrosyl radical (5) , generated by a binuclear ferric iron center. The tyrosyl radical in the R2 protein is linked to the active site in the R1 subunit through a hydrogen-bonded long-range electron transport chain (6) (7) (8) (9) (10) . Class II RNR generates a radical from 5Ј-deoxyadenosylcobalamin (11, 12) and class III RNR, which only works under anaerobic conditions, contains a stable glycyl radical (13) . Class I and to some extent class III RNRs are inhibited by hydroxyurea, which acts as a specific radical scavenger. Since hydroxyurea inhibits the growth of T. brucei under aerobic conditions (14) , the parasite presumably contains a class I enzyme. With the exception of Euglena gracilis (15) and Pithomyces chartarum (16) , which show a 5Ј-deoxyadenosylcobalamin-dependent activity of ribonucleotide reduction, all eukaryotes studied so far have class I RNRs. The class I enzymes are further divided into two subclasses, which show low sequence homology but still are functionally similar. Eukaryotes, viruses, and some ␥-purple bacteria (Enterobacteriaceae and Haemophilus) contain class Ia RNRs (encoded in Escherichia coli by the nrdAB genes), whereas class Ib (17, 18) (encoded in E. coli by the nrdEF genes) are found only among prokaryotes.
Except those from the Herpesviridae family (19, 20) , all RNRs studied are allosterically regulated. Among the class Ia enzymes, this regulation is only studied in detail for the E. coli (21, 22) , the bacteriophage T4 (23, 24) , the calf thymus (25, 26) , and the mouse RNRs (27) (28) (29) . The mammalian enzyme has two classes of effector binding sites. The activity site binds dATP or ATP and the specificity site binds dATP, ATP, dTTP, or dGTP. The specificity site determines which substrate will be reduced. ATP or dATP stimulate reduction of cytidine 5Ј-diphosphate (CDP) and UDP, dTTP stimulates reduction of GDP, and dGTP gives reduction of ADP. The activity site determines the overall activity of the enzyme. With ATP bound, there is a further stimulation of the activity already determined by the specificity site. With dATP bound to the activity site, the enzyme is inactive. The affinity for dATP at the activity site is lower than at the specificity site, making dATP a positive effector for CDP reduction at low concentrations (Ϸ2 M) (27) and a negative effector at higher concentrations. The E. coli class Ia enzyme has the same structural organization of allosteric sites and an allosteric regulation that resembles the mammalian RNR.
Many different class I RNR inhibitors have been developed. These include radical scavengers, iron chelators, inactivators of R1 sulfhydryl groups, and nucleoside analogues (30) . However, the most specific inhibitors seem to be peptides that mimic the C terminus of the R2 subunit. These peptides prevent the formation of the active R1͞R2 heterodimer, since the R2 C terminus is necessary for binding to the R1 subunit (31) . The specificity of peptide inhibitors was first demonstrated for a nonapeptide that inhibited the herpes simplex virus (HSV) RNR without affecting the activity of the mammalian enzyme (32, 33) . This observation led to the develop-ment of potent peptidomimetic inhibitors of HSV RNR with antiviral activity in vivo (34) . The inhibitory effect of R2 C-terminal peptides has also been demonstrated for mammalian (35, 36) and E. coli class Ia (37) RNRs.
Our original intentions were to investigate the possibility of using the peptide approach to specifically inhibit T. brucei proliferation without affecting the host. Therefore, we have cloned, expressed, purified, and characterized both subunits of RNR from a procyclic T. brucei cDNA library. However, the C terminus of the T. brucei R2 protein was very similar to the mammalian R2 protein, which may make it difficult to develop specific peptidomimetics against the parasite. Indeed, a mouse R2 C-terminal heptapeptide (identical in human) did inhibit the trypanosome RNR equally as well as the mouse enzyme. Instead, we found that the allosteric regulation of CDP reduction is quite different for the trypanosome RNR compared with the mammalian enzyme. Therefore, new antitrypanosome drugs may be developed, targeting the allosteric properties of the trypanosome RNR.
MATERIALS AND METHODS
PCR. DNA from Trypanosoma congolense was a generous gift from David Steenkamp (Department of Chemical Pathology, Medical School, Cape Town, South Africa). PCR primers for both the R1 and the R2 genes were derived from eukaryotic consensus amino acid sequences. These were APMPTA and KTGMYYLRT for the R1 gene and VEGIFF and KTNFFEK for the R2 gene. All the primers were made by a 392 DNA͞ RNA synthesizer from Applied Biosystems. The degenerate primers are 5Ј-TACCGGAATTCAGTCGACAAGCNCC-NATGCCNACNGC-3Ј and 5Ј-CACGTCGACGAATTCT-GNCKNARRTARTACATNCCNGTYTT-3Ј. Sites for SalI and EcoRI used in the subcloning are underlined. After a hot start at 97°C for 5 min without enzyme, T. congolense DNA (20 ng) was amplified for 32 cycles. Each cycle includes denaturation at 94°C for 30 sec, annealing at 42°C for 1 min, and elongation at 72°C for 2 min. The amplification was performed with 40 pmol of each primer, 1 mM MgCl 2 , and 2.5 units of Taq DNA polymerase from GIBCO͞BRL in their recommended buffer. The single PCR product was digested with SalI and EcoRI and subcloned into pUC18. In a similar way, a T. congolense R2 gene fragment was amplified using the primers 5 Ј -A C C G G A A T T C A G T C G A C A A G T N G A R G -GNATHTTYTT-3Ј and 5-ЈGCAGGTCGACGAATTCTAY-TTYTCRAARAARTTNGTYTT-3Ј. The amplification was run for 30 cycles at 94°C for 30 sec, 39°C for 1 min, and 72°C for 2 min. Another 2.5 units of fresh enzyme was added and the reaction was run for 15 more cycles. The single PCR product was digested with EcoRI and SalI. Because it happened to contain an internal EcoRI site, the digestion gave fragments of 260 bp and 170 bp. The larger fragment was subcloned into pUC18. The subcloned R1 and R2 gene fragments were sequenced from both directions using the dideoxyribonucleotide method.
Library Screening. The cloned fragment of the R1 gene was excised, labeled with [ 32 P]dCTP, and successfully used to screen a procyclic Trypanosoma brucei brucei 427 (TbGARP 16) gt22 cDNA library (a generous gift from Isabel Roditi, Allgemeine Mikrobiologie der Universität, Bern, Switzerland). The R2 gene fragment was first used to screen a T. congolense IL3000 genomic gt11 DNA library (a generous gift from Noel Murphy, International Laboratory for Research on Animal Diseases, Nairobi), since it gave a too high background on the T. brucei library. After isolating plaques containing the T. congolense R2 gene, the T. brucei library was successfully rescreened with another piece of the R2 gene. The R1 and R2 cDNAs were excised from the vector with NotI and SalI and subcloned into a modified pUC18, containing these sites in the polylinker. The plasmids containing the T. brucei R1 and R2 cDNAs were called pUCT1 and pUCT2, respectively. Both strands of the R1 and R2 cDNAs were sequenced using the dideoxyribonucleotide method.
Cloning of the T. brucei R1 cDNA into an Expression Vector. A double-stranded oligonucleotide was synthesized, containing the pET3a T7 promoter sequence between the unique XbaI site and the start codon (38) . This sequence was followed by the first 15 coding nucleotides of the T. brucei R1 cDNA ending in a 3Ј HindIII overhang. A 5Ј AatII overhang was included upstream from the XbaI site to allow cloning into the unique AatII and HindIII sites of pUCT1 (see above). The resulting plasmid was called pUCMT1. A DNA fragment containing the T7 promotor and the T. brucei R1 cDNA was excised from the pUCMT1 plasmid with XbaI and EcoRI. EcoRI cuts downstream from the stop codon of the R1 cDNA in pUCMT1. The excised DNA fragment was inserted between the unique XbaI (T7 promoter) and EcoRI sites of pETR2-Cla͞R1 (8), a pET3a derivative containing the mouse R2 cDNA. EcoRI cuts 39 nucleotides upstream from the stop codon in the mouse R2 cDNA. The part of the resulting plasmid that was originally derived from the synthesized oligonucleotides was verified by dideoxyribonucleotide sequencing. The final plasmid, called pET T1, was transfected into the E. coli strain BL21(DE3)pLysS (38) .
Cloning of the T. brucei R2 cDNA into an Expression Vector. A double-stranded oligonucleotide was synthesized, containing a 5Ј NcoI overhang and the first 60 coding nucleotides of the T. brucei R2 cDNA. The R2 encoding part was ended in a unique BseRI site. The BseRI site was followed by a SacI site and a 3Ј XmaI overhang. The double-stranded oligonucleotide was inserted into an NcoI (start codon) and XmaI-digested pETH2, a pET3d derivative containing the HSV type 1 (HSV-1) R2 gene (39) . The resulting plasmid was called pETHT2. The rest of the T. brucei R2 sequence was excised with BseRI and SacI from pUCT2 (see above). SacI cuts downstream from the stop codon in the T. brucei R2 cDNA in pUCT2. The excised fragment was inserted into pETHT2, digested with BseRI and SacI. SacI cuts downstream from the stop codon in the HSV-1 R2 sequence. The part of the resulting plasmid that was originally derived from the synthesized oligonucleotides was verified by dideoxyribonucleotide sequencing. The final plasmid, called pETT2, was transfected into BL21(DE3) (38) .
Expression and Purification of Recombinant Trypanosome R1 and R2 Proteins. The R1 protein was expressed and purified as described earlier (40) . Bacteria containing the R2 protein were disintegrated in a French press and centrifuged at 45,000 rpm for 1 h (Beckman L-90 ultracentrifuge, Ti70 rotor). The supernatant was treated with streptomycin sulfate (2.5% wt͞vol) and then ammonium sulfate. The material precipitating between 40% and 45% ammonium sulfate saturation (0.229-0.262 g͞ml at 0°C) was dissolved and desalted on a Sephadex G-25 column and then purified on a DE52 column. A gradient from 0-200 mM KCl (buffered with 10 mM potassium phosphate, pH 7.0) was used. R2 protein, eluting between 100 and 130 mM KCl, was desalted on a Sephadex G-25 column equilibrated with 50 mM Tris⅐HCl (pH 7.6). Other details in the purification scheme are the same as for the recombinant mouse R2 protein (39) . The purity of the R1 and R2 proteins was estimated by scanning a Coomassie brilliant blue stained SDS͞polyacrylamide gel using a laser densitometer (Pharmacia). Protein concentrations were assessed using the extinction coefficients at 280 nm determined for calf thymus protein R1, E 1% 1 cm ϭ 12.0 (26) , and at 280-310 nm for recombinant mouse R2 protein, E 1% 1 cm ϭ 13.8 (39) . EPR Spectroscopy. First derivative EPR spectra were recorded with a Bruker ESP-300 X-band spectrometer equipped with an Oxford ISR9 liquid helium cryostat. A sample of 0.16 ml of R2 protein (2 mg͞ml) was used for determination of microwave power saturation behavior (41) The amount of bound and free nucleotide was determined by scintillation counting of aliquots of the solution before and after centrifugation through a membrane (42) .
CDP Reducing Activity of T. brucei RNR. The assay was essentially made as described (43) . When testing the influence of the different allosteric effectors, the R2 protein was always in excess (77 pmol) over the R1 protein (22 pmol). The MgCl 2 concentration was kept at 6.4 mM except when the total concentration of NTP ϩ dNTP was more than 2 mM. After that point, 2 mol of MgCl 2 were added per mol of extra nucleoside triphosphate (43) . The CDP concentration was always kept at 0.5 mM. The nucleoside triphosphates were either ultrapure dNTP or rNTP sets from Pharmacia or standard nucleotides from the same company. No significant difference could be detected between the two sources of nucleotides. Tritiated CDP was purchased from Amersham and diluted with unlabeled CDP from Sigma to a specific activity of 20 cpm͞mol.
RESULTS

Cloning and Sequencing of T. brucei R1 and R2 cDNAs.
DNA fragments encoding a part of the R1 and R2 proteins were isolated by PCR from genomic T. congolense DNA, using primers to highly conserved regions of other eukaryotic R1 and R2 proteins. The entire coding region of the R1 cDNA was obtained from a procyclic T. brucei cDNA library, using the isolated T. congolense fragment as a probe. The R1 cDNA (GenBank accession no. U80910; 3,540 bp) contained an open reading frame of 2,514 bp, which when translated gives a predicted protein of 838 amino acids with an estimated molecular weight of 94,630. The entire coding region of the R2 cDNA was isolated by first screening a T. congolense genomic DNA library with the R2 PCR fragment and then using another part of the T. congolense R2 gene to obtain an R2 clone from the T. brucei cDNA library. The R2 cDNA (GenBank accession no. U80911; 1,695 bp) contained an open reading frame of 1,011 bp, which when translated gives a predicted protein of 337 amino acids with an estimated molecular weight of 39,013.
Sequence Comparison of the T. brucei R2 Protein with R2 Proteins from Other Species. The T. brucei R2 protein shows 63% amino acid sequence identity to the mouse R2 protein (44) and 17% identity to the E. coli R2 protein (45) (Fig. 1) . The iron ligands (Asp-84, Glu-115, His-118, Glu-204, Glu-238, His-241) (6, 46) , the tyrosyl free radical (Tyr-122) (5, 6, 46) , the residues in the hydrophobic pocket surrounding the radical (Phe-208, Phe-212, Ile-234) (6, 46) , and the residues that are proposed to participate in the long-range electron transport pathway (Trp-48, Asp-237, Glu-350, Tyr-356) (6, 8, 9, 46) , are all conserved (E. coli class Ia numbering is used throughout the text unless stated otherwise). A striking difference between the mouse and the T. brucei R2 proteins is that the mouse R2 protein is larger due to 53 extra residues in the N terminus. This is probably a highly flexible part of the protein, since it cannot be detected in the crystal structure (47) . Furthermore, it does not seem to be essential for catalytic activity (39) . The C-terminal seven residues, which were shown to be essential for binding between the R1 and R2 proteins in the mouse RNR (35, 36) , show high similarity between the trypanosome and mouse R2 proteins. The only difference is that Thr-385 (mouse R2 numbering) is replaced by a serine in the T. brucei R2 protein.
Sequence Comparison of T. brucei. R1 Protein with Other Cloned R1 Proteins. The T. brucei R1 protein shows 58% amino acid sequence identity to the mouse R1 protein (48) and 22% identity to the E. coli R1 protein (45) (Fig. 2) . The active site cysteines (Cys-225, Cys-439, Cys-462) (7, 49, 50) , the proposed electron transport pathway (Tyr-730, Tyr-731) (7, 10) , and the two cysteines that transfer electrons between thioredoxin or glutaredoxin and the active site sulfhydryl groups (Cys-754, Cys-759) (7, 49, 50) are conserved in the trypanosome R1 subunit.
Expression and Purification. R1 and R2 cDNAs were cloned into pET vectors, expressed in E. coli, and purified. The purification schemes are very similar to the ones used for mouse R1 (40) and R2 (39) . The final yields were 2 mg R1 protein per liter of culture in Terrific broth and 3 mg R2 protein per liter of culture in Luria broth. The R1 protein had an estimated purity of 80-90% and the R2 protein a purity of 85-90%.
EPR Signal. An EPR signal was recorded at 14K for the purified trypanosome R2 protein. The lineshape of this signal is very similar to that seen in mouse but different from the one in E. coli (Fig. 3) . This proves the presence of a tyrosyl radical also in the trypanosome RNR and indicates a similar environment for the radicals in the R2 proteins of T. brucei and mouse. The protein had not been reconstituted with iron prior to the EPR measurement. Still, it contained 0.28 tyrosyl radical per dimeric R2 protein which was estimated from the double integral of the EPR signal compared with a standard sample of 1 mM CuClO 4 . A colorimetric ferroin assay (51) showed that the same sample contained 1.4 iron atoms per R2 dimer indicating loss of radical during the purification of the R2 protein.
The microwave power saturation behavior of the trypanosome R2 protein, evaluated as the microwave power at half saturation P 1/2 (41), is similar but not identical to that in mouse. At 3.6K, 10K, and 29K the P 1/2 values were 21 W, 42 W, and 13 mW for the trypanosome R2 protein and 29 W, 680 W, and 3 mW for the mouse R2 protein, respectively. The difference at 3.6K is within the error range and therefore the iron center should be in its diamagnetic groundstate in T. brucei comparable of that in the mouse R2 protein (52) . The differences seen between the two proteins at 10K and 29K are larger than the experimental uncertainty, indicating a speciesspecific magnetic interaction between the radical and the iron center at higher temperatures (53) .
Enzyme Activity. CDP reduction was first measured in the presence of 3 mM ATP as a positive effector. The assay was linear with time for at least 30 min at 37°C . The specific activities were 120 units͞mg for the T. brucei R2 protein and 20 units͞mg for the T. brucei R1 protein. The corresponding specific activities for the mouse RNR are 120-140 units͞mg for the R1 protein (40) and 280 units͞mg for the R2 protein (39) . The low specific activity of the trypanosome RNR compared with the mammalian enzyme urged us to investigate if ATP really is the optimal allosteric effector for CDP reduction. To our surprise, we found that dATP, dGTP, and dTTP all induced higher activities than ATP (Fig. 4A) . This is in strong contrast to the mammalian enzyme, where these three deoxyribonucleotides are inhibitory for CDP reduction.
Characterization of Allosteric Effector Binding Sites. In the mammalian and the E. coli class Ia RNRs, dATP inhibits enzyme activity for all substrates when bound to the activity site (low-affinity dATP site), whereas it stimulates CDP re- FIG. 3 . First derivative EPR spectra of the stable tyrosyl free radical in recombinantly expressed R2 protein from mouse at 10K (a), T. brucei at 14K (b), and E. coli at 4K (c). The concentrations of R2 protein dimer were 20 M (24 M free radical), 25 M (7 M free radical), and 350 M (370 M free radical), respectively. All spectra were recorded at 9.62 GHz (X-band) under nonsaturating microwave power conditions, 3G modulation amplitude, and 100 kHz modulation frequency. (48) and E. coli (45) class Ia R1 proteins. The ruler follows the conventionally used numbering of the E. coli R1 protein (45) . Breaks in the alignments are indicated with dots; breaks in the E. coli R1 sequence are indicated as dots in the ruler as well. Unless written out, every tenth residue is indicated as a cross in the ruler. Shaded residues are identical to the T. brucei R1 protein amino acid sequence. Residues mentioned in the text are indicated as the one-letter abbreviation. These are the active site cysteines (C-225, C-439, C-462), the residues in the electron transport pathway (Y-730, Y731), the cysteines that shuttle electrons from thioredoxin or glutaredoxin (C-754, C-759), and the allosteric effector binding-site residues (D-57, C-292). Mouse R1 protein amino acid numbering is used for the allosteric activity site residue (D-57). Otherwise, E. coli R1 protein amino acid numbering is used. duction when bound to the specificity site (high-affinity dATP site). Since dATP even at high concentrations activated CDP reduction by the trypanosome RNR, we wanted to determine if this enzyme really contained two classes of allosteric effector binding sites. Fig. 4 C-F presents results from filter binding assays using trypanosome R1 protein and labeled nucleotides. From the Scatchard plots, it appears that the trypanosome RNR also contains at least two classes of binding sites showing different affinities for dATP (Fig. 4C) and one class of dGTP͞dTTP binding sites (Fig. 4D) . The amount of nucleotide bound per R1 dimer was somewhat low, possibly due to impurities (10-20%) or instability of the R1 protein. However, we interpret our data in such a way that there are four sites for dATP and two sites for dGTP or dTTP per R1 dimer. As compared with the recombinantly expressed E. coli R1 protein (42) , the affinities for the nucleotides are considerably lower for the trypanosome R1 protein and the temperature dependence of the dissociation constants less pronounced (Fig. 4D) .
FIG. 2. Alignment of the T. brucei R1 protein with the mouse
To further characterize the effector binding sites, we measured the ability of unlabeled nucleotides to compete with 6.4 M tritiated dATP for binding to the trypanosome R1 protein (Fig. 4E) . ATP could compete out 75% of the label, whereas dTTP or dGTP competed out less than 50% of the label. This supports the presence of two different classes of dATP binding sites in the R1 protein, where dTTP͞dGTP competes with only one class, while ATP competes with both. The model is further strengthened by the finding that in the presence of 400 M unlabeled dGTP, ATP could compete out most of the labeled dATP bound to the R1 protein (Fig. 4F) . Finally, to verify that both dTTP and ATP can bind to the dGTP binding sites, an experiment was performed where 400 M dTTP chased 95% and 5 mM ATP chased 35% of the labeled dGTP (3.5 M) bound to the R1 protein.
Functional Interaction Between the Two Classes of Allosteric Effector Binding Sites. The filter binding assay indicated that the trypanosome R1 protein indeed has two classes of allosteric effector binding sites. Still, dATP did not inhibit the trypanosome RNR catalyzed CDP reduction and therefore we wanted to investigate the function of the low-affinity dATP binding site. The problem was addressed by measuring CDP reduction in the presence of ATP or dATP at a fixed concentration high enough to saturate all allosteric sites. Then, increasing concentrations of competing nucleotides were added. Because dGTP and dTTP compete for only one class of allosteric sites, the plateau of the activity curve can be interpreted as the CDP reduction obtained when the lowaffinity dATP effector binding site is occupied with ATP (Fig.  4B ) or dATP (data not shown) and the specificity site (highaffinity dATP effector binding site) is occupied by dGTP or dTTP. The ATP concentration was chosen to be 1 mM, since at this concentration the activity curve with ATP alone reaches a plateau (Fig. 4A) . The concentration of dATP was chosen to be 100 M, which should easily saturate all allosteric sites as evaluated from the Scatchard plot at 25°C (data not shown). Using this approach, we found that the combination of dGTP and ATP was slightly inhibitory compared with ATP alone (Fig. 4B) . This is in contrast to the stimulatory effect when dGTP was used by itself (Fig. 4A) . While dGTP acted differently whether ATP was present or not, dTTP in combination with ATP gave a plateau value very similar to the one with dTTP alone (Fig. 4A) .
When dATP was combined with dGTP or dTTP no obvious combination effect was observed, since the curves reached very similar plateau values (data not shown), as with dGTP or dTTP alone (Fig. 4A) . As dATP was shown to bind to the same allosteric sites as ATP in the filter binding assay, it is reasonable to assume that the ratio of [dATP]͞[ATP] will determine whether dGTP is a positive or negative effector for CDP reduction.
The ability of dCTP to function as an allosteric effector was also tested. However, it had no effect on CDP reduction regardless of whether ATP was present or not (data not shown).
Peptide Inhibition and Lack of Cross Reactivity with the Host RNR. To evaluate the importance for subunit interaction of the Thr to Ser exchange in the C terminus of the trypanosome R2 protein, we determined the IC 50 of a heptapeptide corresponding to the mouse R2 C terminus for the mouse and the T. brucei RNRs. The IC 50 of the peptide was 70 M for both the mouse and the T. brucei RNR using equimolar concentrations of each subunit (0.44 M). The identical IC 50 values raised the question of whether the mouse R1 protein could form an active complex with the trypanosome R2 protein and vice versa. T. brucei has for a long time been regarded as a strictly extracellular parasite (2). However, intracellular forms have recently been found in the choroid plexus, which is where the invasion of the central nervous system begins (54) . When tested, interspecies mixtures of R1 and R2 proteins were totally inactive in contrast to the positive controls where proteins from the same species were mixed (data not shown).
DISCUSSION.
The trypanosome RNR clearly belongs to the class Ia RNRs. This is evident from the amino acid sequence homology to the mouse RNR, the presence of an iron-tyrosyl free radical center and the importance of the R2 protein carboxyl-terminal end for binding to the R1 protein. However, the allosteric regulation of CDP reduction is quite different from the mammalian or E. coli class Ia RNRs. The inability of dATP to inhibit CDP reduction catalyzed by the trypanosome RNR is similar to the situation for the Herpesviridae family class Ia (19, 20) , bacteriophage T4 class Ia (23, 24) , Salmonella typhimurium class Ib (55) , and Lactobacillus leichmannii class II (56) RNRs. The two last-named enzymes have been shown to contain only one class of allosteric site (55, 57) similar to the specificity site in the class I enzymes, whereas the Herpesviridae RNRs seem to completely lack allosteric regulation (19, 20) . The bacteriophage T4 enzyme is believed to have two classes of allosteric sites (58), but dATP͞ATP does not seem to influence the catalytic activity (23, 24) . Conversely, we observed that dGTP plus ATP give lower activity than either effector alone in the trypanosome RNR, which indicates that the two different classes of effector binding sites communicate to determine the activity of the enzyme. This resembles the earlier observation that for the E. coli class Ia RNR, ATP plus dTTP together give a considerably lower pyrimidine nucleotide reducing activity than either effector alone (22) .
The functional consequences of binding allosteric effectors to the specificity site also seem to be quite unique for the trypanosome enzyme. This RNR reduces CDP more efficiently in the presence of dTTP or dGTP than in the presence of ATP or dATP, which are the best allosteric effectors for CDP reduction in the case of the other class Ia nonviral RNRs. Regardless of class, neither dGTP nor dTTP were ever found to be the optimal effectors for CDP reduction (19-29, 55, 56, 59) .
The parts of the amino acid sequence of the R1 protein responsible for the allosteric regulation are not yet fully defined. However, a G-to-A transition at codon 57, changing an Asp to an Asn, made the mouse R1 protein resistant to feedback regulation by dATP (29) . This indicates that the activity site is located in the amino-terminal region of the R1 protein close to Asp-57. The aspartic acid residue is conserved in the trypanosome R1 protein (Fig. 2) . The substrate specificity site was located to the region around Cys-292 by photoaffinity labeling (60) . Recently, binding of dTTP close to this residue was observed in E. coli R1 protein crystals (U. Uhlin, personal communication). The amino acid residues immediately downstream from the position corresponding to Cys-292, DQGGNKRPG, are conserved in human (61) , mouse (48) , Caenorhabditis elegans (GenBank accession no. Z19158), Schizosaccharomyces pombe (62) , and Saccharomyces cerevisiae (RNR1, GenBank accession no. U18813 and RNR3, GenBank accession no. Z38060) R1 proteins. The only eukaryotic R1 proteins known to differ in this amino acid sequence are those from T. brucei (Fig. 2) and Plasmodium falciparum (the malaria parasite) (63) , which instead contain the sequence DQGGGKRKG. This sequence identity in these two otherwise unrelated protozoans is interesting from an evolutionary standpoint.
Clearly, more data are needed for a full understanding of the allosteric regulation of the trypanosome enzyme and work is in progress to study the regulation of the reduction of UDP, GDP, and ADP. Many nucleotide analogues have been developed acting as suicide substrates for RNR (30) . Their efficiencies are heavily influenced by the presence of a certain allosteric effector (64) . Hopefully, a combination of a suicide substrate with a specific allosteric effector may be much more harmful to the trypanosome RNR than to the host enzyme.
